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VirulenceStreptococcus suis (S. suis) is an important pathogen that can carry prophages. Here we present a comparative
genomic analysis of twelve (pro)phages identiﬁed in the genomes of S. suis isolates. According to the putative
functions of the open reading frames predicted, all genomes could be organized into ﬁve major functionally
gene clusters involved in lysogeny, replication, packaging, morphogenesis and lysis. Phylogenetic analyses of
the prophage sequences revealed that the prophages could be divided into ﬁve main groups. Whereas the
genome content of the prophages in groups 1, 2 and 3 showed quite some similarity, the genome structures
of prophages in groups 4 and 5 were quite distinct. Interestingly, several genes homologous to known viru-
lence factors, including virulence associated protein E, a toxin–antitoxin system, a Clp protease and a DNA
methyltransferase were found to be associated with various (pro)phages. This clearly indicates that these
(pro)phages can contribute to the virulence of their hosts.
© 2013 Elsevier Inc. All rights reserved.1. Introduction
Streptococcus suis can cause meningitis, septicemia, endocarditis,
arthritis and septic shock in pigs. Infections caused by S. suis are con-
sidered a global and an economical problem in the swine industry.
Moreover, S. suis is an agent of zoonosis that afﬂicts people in close
contact with infected pigs or pork-derived products. Based on varia-
tion in capsular antigens, 33 serotypes (1–31, 33 and 1/2) of S. suis
have been identiﬁed so far [1]. Serotype 2 is the most frequently iso-
lated strain world-wide from diseased piglets. Some strains belonging
to less common serotypes, such as serotypes 9, 14, 7, 1 and 1/2, have
been associated with severe infections [2–5].
The increasing number of available bacterial genome sequences
has contributed to the understanding of prophage genome distribu-
tion and evolution. Prophage-like elements and prophage remnants
have been identiﬁed in almost all bacterial genomes sequenced so
far, suggesting that this group of mobile elements is widespread in
bacteria. Prophages can contribute substantially to the mobile DNA
content of their bacterial hosts and seem to inﬂuence the short-term
evolution of pathogenic bacteria [6]. Genes coding for virulence fac-
tors such as toxins or secreted enzymes have been associated with the
presence of prophages in both Gram-negative [7] and Gram-positive
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S. suis genomes [9–11]. So far, however, only one lytic S. suis phage
(SMP) [12] and one complete prophage sequence has been described
in S. suis genomes [13]. Here we present a comparative genomic anal-
ysis of twelve (pro)phages identiﬁed in the genomes of newly se-
quenced bacterial genomes, or phage sequences induced from S. suis
serotype 1, 2, 7, 1/2 and 9 strains.
2. Materials and methods
2.1. Bacterial strains and growth conditions
The S. suis prophages and their host strains described in this study
are listed in Tables 1 and 2. Strains were routinely grown on Colombia
agar plates (Oxoid Ltd., London, United Kingdom) supplemented with
6% horse blood and incubated at 37 °C with 5% CO2. Suspension cul-
tures were grown in Todd–Hewitt broth ([THB] Oxoid Ltd., London,
United Kingdom) for 18 h at 37 °C without agitation. SMP, a virulent
phage of S. suis serotype 2 [12] was obtained from the laboratory col-
lection of the College of Veterinary Medicine, Nanjing Agricultural
University, China.
2.2. Phage induction
Crude preparations of bacteriophages were obtained following
mitomycin C (Sigma, St. Louis, USA) induction of lysogenic strains.
Each strain was cultured for 8 h in THB and then diluted 1:100 in
5 ml fresh medium. When the culture reached an optical density at
600 nm of 0.2 to 0.25, mitomycin C was added to a ﬁnal concentration
of 500 ng/ml. The culture was then incubated at 37 °C until lysis was
Table 1
Summary of genome sizes, gene contents, gene diversities and predicted ORFs of S. suis
(pro)phages.
(Pro)phages Host strain
(serotype)
Accession
no.
Genome
size (bp)
% GC Predicted
genes
No. of
genes with
unknown
function
Phi891591 89/1591 (2) KC348602 34,367 41.5 57 35
phiS10 S10 (2) KC348604 35,373 41.8 54 32
Phi7917 7917 (7) KC348601 36,128 41.3 62 40
Phi20c 8067 (9) KC348598 33,516 41.7 54 30
Phi30c 8067 (9) KC348599 42,703 40.6 67 37
Phi5218 5218 (9) KC348600 38,539 40.9 64 39
PhiNJ2 NJ2 (9) JX879087 37,282 39.4 56 31
PhiD12 D12 (9) KC581799 50,470 39.6 60 24
PhiSS12 SS12(1/2) KC413987 35,598 41.6 56 32
PhiST1 ST1(1) KC413988 38,940 39.9 56 27
PhiSsUD.1 SsUD(2) FN997652 63,748 39.7 64 33
SMP SS2-H (2) NC_008721.2 36,019 41.6 48 33
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4 °C. The supernatant was then ﬁltered by a 0.45 μm ﬁler membrane
and saved in SM buffer (0.01% gelatin, 10 mM NaCl, 8 mM MgSO4,
50 mM Tris–HCl [pH 7.5]) at 4 °C.
2.3. Plaque assay
For phage infection bacterial cultures were supplemented with
10 mM CaCl2. Sandwich plaque assays were performed as described
[14] with some modiﬁcations. Brieﬂy, overnight cultures in THB
were diluted 1:100 in fresh THB and incubated for 8 h. A tenfold-
diluted phage lysate was added to the bacterial culture and the cul-
ture was further incubated for 15 min at 37 °C. The mixed culture
was then poured into molten THB (5 ml) containing 0.5% agar and
spread onto THB plates. The plates were incubated at 37 °C for 12 h
to allow plaque formation.
2.4. Puriﬁcation of phage particles
Phage particles were puriﬁed as described by Bensing et al. [15]
with some modiﬁcations: phages were isolated from 200-ml cultures
of S. suis strains 3 h after induction with mitomycin C. Cells and debris
were removed by centrifugation (5000 ×g at 4 °C for 15 min) and the
supernatant was ﬁltered using a 0.45 μm membrane ﬁlter. NaCl was
added into the ﬁltrate to a ﬁnal concentration of 0.5 M and stirred
for 15 min at 4 °C. Phage particles were precipitated by the slow
addition of polyethylene glycol 8000 (Sigma) to a ﬁnal concentration
of 10% (wt./vol.). The treated ﬁltrate was stirred gently for 1 h, trans-
ferred to centrifuge bottles, and incubated at 4 °C for 18 h. TheTable 2
Properties of S. suis (pro)phages.
Phage/prophage cladea (Pro)phage Serotype host Host from Integrase
1 Phi7917 7 Netherlands Tyrosine
Phi891591 2 Canada Tyrosine
PhiSS12 1/2 China Tyrosine
PhiS10 2 Netherlands Tyrosine
2 Phi30c 9 Netherlands Tyrosine
Phi5218 9 Denmark Tyrosine
3 Phi20c 9 Netherlands Tyrosine
SMP 2 China Tyrosine
4 PhiST1 1 China Tyrosine
PhiNJ2 9 China Resolvase
5 PhiD12 9 China Resolvase
PhiSsUD.1 2 Italy Resolvase
a Refers to clades as identiﬁed and shown in Fig. 2.
b Presence or absence of SSB and Gp58-like proteins.
c Number of putative tail protein.precipitated material was recovered by centrifugation (3500 ×g,
4 °C, 20 min) and then gently suspended in 2 ml of SM buffer and
stirred at 4 °C for 18 h. The suspended material was layered onto a
step gradient (prepared by layering 2 ml of a 20% sucrose solution
[wt./vol. in SM buffer] onto 2 ml each of 1.4, 1.5 and 1.7 g/ml of
CsCl in SM buffer and centrifuged at 80,000 ×g at 4 °C for 2 h). The
phage particles, which formed a band within the second CsCl concen-
tration, were collected by puncturing the side of the centrifuge tube
with an 18-gauge needle. The isolated particles were dialyzed against
phosphate-buffered saline supplemented with 10 mM MgSO4 and
stored at 4 °C.
2.5. Phage DNA extraction
Phage DNA extraction was performed as previously described [12]
with some modiﬁcations: the phage pellet was digested with 5 μg/ml
DNase (Sigma) and 200 μg/ml RNase (Sigma) for 30 min at 37 °C,
followed by digestion with 50 μg/ml proteinase K (Sigma) for 15 min
at 65 °C. Phage particles were lysed with sodium dodecyl sulfate
(0.5%) and EDTA (20 mM) and incubated for another hour at 65 °C.
The lysate was subsequently treated once with phenol/chloroform/
isoamylalcohol (25:24:1) and DNA was precipitated by adding sodium
acetate to a ﬁnal concentration of 0.3 M and one volume of absolute eth-
anol. The precipitated DNAwas collected by centrifugation at 15,000 ×g
for 10 min, washed with 70% ethanol, and air dried. The DNA was then
suspended in ultrapure water.
2.6. DNA sequence and bioinformatics analyses
Five prophage genomes were obtained from the sequence of their
hosts that were available from the NCBI database (Table 1). Prophages
phiD12, phiSS12, phiST1 and phi891591 were predicted from these
genomes using the PHAST algorithm [16]. Prophage phiSsUD.1 was
reported previously [13]. An additional 3 prophages were identiﬁed
from draft genomic sequences constructed at CVI using Roche 454 se-
quencing technology (respectively the strains 7917 and 8067). Two
complete phage sequences were obtained from induced strains 5218
and NJ2 by IlluminaMiSeq sequencing.
2.7. Genome sequencing
Deep-sequencing of the phage genomes was performed using
150 bp paired-end sequencing libraries (Nextera TAG-mentation se-
quencing kits [Epicentre, Madison USA]) on an IlluminaMiSeq se-
quencer. High quality ﬁltered reads were subsequently de novo
assembled using the AbySS algorithm (abyss-peversion 1.3.3). High
coverage genomes were reconstructed and putative open reading
frames (ORFs) were identiﬁed by GeneMarkS [17]. BLASTP analysesSSBb Terminase Gp58-likeb Tailc Holin class Lysintype
+ Large + 3 Class III CHAP
+ Large + 3 Class III CHAP
+ Large + 1 Class III CHAP
− Small + large + 1 Class II Amidase
− Small + large + 3 Class III CHAP
− Large + 3 Class I Amidase
+ Large + 3 Class III CHAP
+ Small + large + 2 Class I Amidase
+ Small + large − 1 Class II CHAP
+ Small + large − 1 Class II CHAP
− Small + large + 1 Class I Amidase
− Small + large − 3 Class I Amidase
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database, Pfam [18] and Interproscan [19] were used to assess their
putative functions by identiﬁcation of structural features and motifs.
PCR gap closure, by Sanger sequencing amplicons targeted toﬁll gaps be-
tween neighboring contigs was performed as described previously [20].
Transmembrane domains were predicted by TMHMM Server v. 2 [21].
2.8. Sequence clustering and phylogenetics
The phylogenetic trees of several selected genes were constructed
with MEFG4.0 using the Neighbor-Joining algorithm [22]. Trees were
bootstrapped for 1000 times using a random seed of 111 to assess
branching stability.
Whole genome phage sequences were hierarchical clustered and
displayed as a phenogram using the BioNJ algorithm [23] where
the underlying distance matrix was calculated from the pair-wise
non-overlapping maximal unique matches (MUMs; using Nucmer
version 3.07 [24]). Relative pair-wise distances were obtained by
dividing the sum of pair-wise MUMs by the average genome size of
the two compared genomes. Trees were visualized in SplitsTree4
[25]. Mauve progressive alignments to determine conserved sequence
segments most likely to be conserved in recombinational events were
determined using the Mauve algorithm (version 2.3.1) [26].
2.9. Putative prophage attachment sites
In the lysogenic isolate the prophage is expected to be ﬂanked by
short directly repeated sequence (the attL, attR of the prophages).
Therefore, to identify the putative attachment sites, genomic se-
quences of the lysogenic S. suis strains were analyzed for the presence
of directly repeated sequences ﬂanking the prophages.
3. Results and discussion
3.1. Identiﬁcation of S. suis (pro)phages
The presence of inducible temperate bacteriophages in the ge-
nomes of 56 S. suis isolates was investigated. These S. suis isolates
belonged to different serotypes, and were isolated from different
hosts, from different clinical sources and from different geographical
locations. Out of the 56 cultures used, two isolates (5218 and NJ2)
lysed after the addition of mitomycin C. Phages (designated phi5218
and phiNJ2) could be extracted from the supernatants. The ability of
the phi5218 and phiNJ2 to lyse various S. suis hosts was subsequently
tested in plaque assays using all strains as recipient. However, the
phages did not form plaques on any of the isolates used. This indicates
that the host range of the phages is very narrow or alternatively that
the phages produced are defective. Previous data also showed a nar-
row host range of the lytic S. suis phage SMP [12]. Previously, Harel
et al. [9] reported the induction of a lytic phage using isolate 89–999.
However, in this study no lytic phages were induced from 89–999
with the procedure used. Apparently different isolates need different
conditions for prophage induction. This also suggests that isolates
used, other than 5218, NJ2 and 89–999 may contain intact and func-
tional prophage sequences.
3.2. General features of S. suis phage genomes
The complete genome sequences of phi5218 and phiNJ2 were
determined by deep-sequencing the isolated phage genomes. In addi-
tion, a preliminary analysis of the whole genome sequences of the
S. suis isolates S10, 7917 and 8067 (unpublished draft genomic data)
as well as the sequences of the S. suis isolates 89/1591, D12, ST1 and
SS12 [27] – available from the NCBI genome database – revealed
the presence of putative prophages as well. Recently the complete ge-
nome sequences of two S. suis (pro)phages (phiSsUD.1 and SMP)weredescribed [12,13]. Here we compared the 12 identiﬁed putative (pro)
phages of S. suis by in silico analyses.
The (pro)phage genomes comprised 33,516 to 63,748 bp double
stranded DNA, with an average G + C content of 39.4 to 41.8%. This is
similar to the 41.6% G + C content reported for the genome of lytic
S. suis phage SMP [12]. The genomes of all the (pro)phages encoded a
total of 48 to 67 ORFs (Table 2 and Supplementary material). Of these
ORFs that have signiﬁcant sequence similarity to sequences in
GeneBank and Pfam databases, putative functions could be assigned
to 35% to 65% of the ORFs in the various phages (Table 1 and Supple-
mentary material). The majority of the ORFs carried by the S. suis
(pro)phages were transcribed in one direction, whereas the lysogeny
module was generally transcribed in the opposite direction(Fig. 1).
Based on a phylogenetic analysison whole-genome alignments, the
(pro)phages were classiﬁed into 5 different clades: clade 1, containing
phi7917, phi891591, phiSS12 and phiS10; clade 2, containing phi5218
and phi30c; clade 3, containing SMP and phi20c; clade 4, containing
phiST1 and phiNJ2 and clade 5 including phiD12 and phiSsUD.1
(Fig. 2). Phages belonging to one clade were obtained from different
serotypes and from different geographical locations (Table 2), clearly
indicating these phages were distributed around the world and were
spread among the various serotypes.
A progressive Mauve multiple alignment determined locally col-
linear blocks (LCBs) – conserved sequence segments internally free
of genomic rearrangements which are most likely to be conserved
in recombinational events – of all 12 complete genomes shows that
the (pro)phages of clades 1, 2 and 3 within each clade shared a con-
siderable number of LSBs (Fig. 3). Most of these LSBs lacked in the
(pro)phage clades 4 and 5. The (pro)phages in clades 4 and 5 shared
some evolutionarily related blocks of sequences, but diverged in the
overall sequence from the other clades. All (pro)phages showed a
highly mosaic-like structure, clearly reﬂecting the high degree of hor-
izontal genetic exchange between (pro)phages.
3.3. Lysogeny module
The overall organization of the lysogeny module was similar to
those found in phages from other low G + C Gram-positive bacteria.
Genes encoding integrases, transcriptional regulators belonging to
the repressor (Cro/cI) family and antirepressors were identiﬁed in
most of the analyzed lysogeny clusters. The integration of phage
DNA into the bacterial host genome at the attachment site is mediated
by the phage-encoded integrase. Two types of integrases can be dis-
criminated: the tyrosine as well as the resolvase family of integrases
[28]. The tyrosine family of integrases utilizes a catalytic tyrosine
to mediate strand cleavage and requires other proteins encoded by
the phage or the host bacteria [29], whereas the resolvase family of
integrases uses a catalytic serine for strand cleavage and does not re-
quire host cofactors. The identiﬁed putative integrases of (pro)phages
phiD12, phiSsUD.1 and phiNJ2 belong to the resolvase family, whereas
the integrases encoded by all other (pro)phages belong to tyrosine
family (Table 2). In accordance with data observed for some other
Streptococcal phages, (pro)phages phiD12 and phiSsUD.1 encoded
two integrases both belonging to the resolvase family (ORF5,ORF6
and ORF52, ORF53 for phiD12 and phiSsUD.1, respectively).
A phylogenetic tree analysis based on the amino acid sequences of
the integrases clearly conﬁrmed that the integrases of the (pro)phages
phiD12, phiSsUD.1 and phiNJ2 appeared to be phylogenetically dis-
tinct from the other integrases (Fig. 4A). Although based on whole ge-
nome analyses, (pro)phages phiNJ2 and phiST1 are highly similar,
their integrases seem to belong to different families.
3.4. Identiﬁcation of putative phage attachment sites
To determine the phage and the bacterial attachment sites, geno-
mic sequences ﬂanking the putative (pro)phages were analyzed for
Fig. 1. Comparative genome alignments of the twelve S. suis (pro)phages. Modular organization of twelve S. suis (pro)phage genomes (phiSS12, phi20c, phi5218, phi7917,
phi891591, phiNJ2, phiST1, phi30c, phiS10, SMP, phiD12, and phiSsUD.1). Genes are grouped into ﬁve functional modules associated with the phage life cycle: lysogeny, replication,
packaging, morphogenesis and lysis. The likely functions of the genes are indicated by color coding. The bottom line provides a base pair scale of the genomes.
339F. Tang et al. / Genomics 101 (2013) 336–344the presence of short directly repeated sequences. Moreover, because
the phage attachment sites (attP) are generally located in the proxim-
ity to the putative phage integrase genes at the 5′ end and of theFig. 2. Sequence relationship of the 12 S. suis (pro)phage genomes. Whole genome phage se
algorithm where the underlying distance matrix was obtained from the pair-wise comparis
and numbered clouds.putative lysine at the 3′ end, the corresponding genomic regions of
phi5218 and phiNJ2were searched by BLAST analysis for short regions
homologous to S. suis genomes. Putative phage attachment sites forquences were hierarchical clustered and are displayed as a phenogram using the BioNJ
on of non-overlapping maximal unique matches. Large clades are indicated by colored
Fig. 3.Mauve progressive alignments of the 12 S. suis (pro)phage genomes. Each alignment has three panels: the ﬁrst line appeared as the base pair scale of each genome (phi20c,
phi5218, phi7917, phi891591, phiNJ2, phiST1, phiSS12, phiS10 phi30c, SMP, phiD12 and phiSsUD.1); the second line with colored segments indicate the genome composition of
each phage (the conserved local collinear blocks); and the third line represents the name of each phage. The colored outlines of these blocks are connected by lines over the various
genomes. Within each block a similarity proﬁle of the genome sequence is displayed. The height of the similarity proﬁle corresponds to the average level of conservation in that
region of the genome sequence. Clades as determined and shown in Fig. 2 are indicated to group the genomes.
340 F. Tang et al. / Genomics 101 (2013) 336–344most of the (pro)phages could be identiﬁed (Table 3). The attP sites of
phi7917, phiS10 and phiSS12 as well as of phi30c and phi5218 were
shown to be identical. Similar core attachment sites have been ob-
served for (pro)phages in other species [30,31]. Interestingly, the pre-
dicted integrases encoded by phi7917, phiS10 and phiSS12were shown
to be identical as well, whereas the predicted integrases encoded by
phi30c and phi5218 shared 97% amino acid identity. Apparently speciﬁc
integrases use speciﬁc core attachment sites for insertion.
3.5. Replication module
The replication module was ﬂanked on one side by the lysogeny
module and on the other side by the packaging module. ORFs withsigniﬁcant sequence similarity to proteins involved in DNA replica-
tion were identiﬁed in all 12 S. suis (pro)phage genomes (Supplemen-
tary material and Fig. 1). Many bacteriophages do not rely on a single-
strand binding protein (SSB) provided by their host organism but code
for their own SSB proteins. Here, seven of the (pro)phages studied
(phi20c, phi7917, phiNJ2, phi891591, phiST1, phiSS12 and SMP) con-
tain a gene encoding a putative SSB. The SSB proteins of the seven
(pro)phages shared more than 70% amino acid sequence similarity. In
contrast, (pro)phages phi5218, phiD12, phi30c, phiS10 and phiSsUD.1
lacked a gene encoding a SSB protein. Apparently, these (pro)phages
rely on the SSB proteins encoded by their hosts. All S. suis genomes an-
alyzed here, except for isolate D9, contained two ssb genes (correspond-
ing to SSU0144 and SSU1629 in the genome of P1/7, respectively). The
Fig. 4. Phylogenetic tree of the integrases, the large subunits of the terminases and the lysins of the 12 S. suis (pro)phages. Neighbor-joining tree analysis and bootstrap analysis
(1000 replicates) based on the alignment of the amino acid sequence of the integrases (A), the large subunit of terminases (B) and the lysins (C) of the twelve S. suis (pro)phages.
The numbers at the nodes indicate the bootstrap probabilities of that particular branch.
341F. Tang et al. / Genomics 101 (2013) 336–344two SSB proteins encoded by the various S. suis genomes shared about
49% similarity at the amino acid level. The ﬁrst and second SSB protein
shared between 42–52% and 67–72% identity at the amino acid level
with the SSB proteins encoded by the 7 (pro)phages of S. suis (phiNJ2,
SMP, phi20c, phi7917, phiST1, phiSS12, and phi891591 respectively).
As shown in Fig. 5, the SSB proteins are mainly conserved in their
N-terminal domains and vary considerably at their C-terminal domains.Table 3
Putative attachment site of S. suis (pro)phages.
(Pro)phages Putative phage attachment site (5′–3′) Putative positio
Phi7917 TTCATCTCCCCTGCAGGAAT 1379987–13800
PhiS10 TTCATCTCCCCTGCA 1379987–13800
PhiSS12 TTCATCTCCCCTGCAGGAAT 1379987–13800
Phi30c CCATATATGGAGCTGGTGGGAGT 1280379–12804
Phi5218 CCATATATGGAGCTGGTGGGAGT 1280379–12804
SMP AAAGACGCTGTAAAATAA 1473416–14733
PhiST1 TTTGGGGCGGATTTGGGG 128247–128266
PhiSsUD.1 GCACACGTGGAGTGTGT 656424–656439
Phi891591 NDa
Phi20c ND
PhiNJ2 ND
PhiD12 ND
a ND: could not be determined.3.6. Packaging module
The majority of the packaging modules in the phage genomes
studied here are essentially composed of three genes encoding the
small and large subunits of the terminase and the portal protein.
Terminases are responsible for the recognition of their phage DNAs,
ATP-dependent cleavage of the DNA concatemer and packaging ofn of bacterial attachment site in S. suis genome References
06 in P1/7 This study
01 in P1/7 This study
06 in P1/7, 1480847–1480876 and 1444518–1444536 in SS12 This study
02 in P1/7 This study
02 in P1/7 This study
99 in P1/7 [49]
and 1337338–1337357 in ST1 (no attachment site in P1/7) This study
in JS14 (no attachment site in P1/7) [13,50]
Fig. 5. Multiple alignment of a putative single-strand binding proteins (SSB) from the 12 S. suis (pro)phages and of S. suis genomes. The multiple alignment of the SSB proteins of
seven S. suis (pro)phages (phi20c, SMP, phiNJ2, phiST1, phi891591, phiSS12 and phi7917) and of the various S. suis genomes (S.suis1: the ﬁrst SSB protein [SSU0144] in the genome
of S. suis P1/7; S.suis2: the second SSB protein [SSU1629] in the genome of S. suis P1/7) was analyzed by using Clustal X(1.81). The proteins were identiﬁed with their corresponding
codon lengths. Gaps (−) were introduced to obtain maximal alignment.
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protein [8]. Here we showed that in some (pro)phages (phi20,
phi5218, phi7917, phi891591 and phiSS12), the terminase is encoded
by only a single gene. A phylogenetic analysis based on the amino
acid sequences of the (large subunits of the) terminases, showed
that the terminases of the (pro)phages phi20c, phi5218, phi7917,
phi891591 and phiSS12 appeared to be phylogenetically distinct
from the (large subunits of the) terminases encoded by the other
phages (Fig. 4B). Moreover the large subunits of the terminases of
phiST1 and phiNJ2 (clade 4) as well as of phiD12 and phiSsUD.1
(clade 5) seemed highly conserved (Fig. 4B).
3.7. Morphology module
In all (pro)phages analyzed the parten coding the head morpho-
genesis and the tail structure proteins is the largest module (Fig. 1
and Supplementary material). In 9 of the (pro)phages analyzed
(phiSS12, phi20c, phi5218, phi7917, phi891591, phi30c, phiS10,
phiD12 and SMP), the largest ORF of this module is homologous to
a gp-58 like protein. Gp58-like proteins show similarity to gp58, a
minor structural protein of Lactococcus delbrueckii bacteriophage
LL-H [32] that is probably positioned on the capsid head. Most of
the (pro)phages studied here only encode one capsid/head protein,
while (pro)phages phiNJ2 and phiST1 encode three putative minor
capsid proteins. This indicates that the three minor capsid proteins
encoded by phiNJ2 and phiST1 can fulﬁll the function of the major
capsid proteins expressed in the other phages studied.
Seven of the (pro)phages in this study (phi20c, phi5218, phi7917,
phi891591, phi30c, phiSsUD.1 and SMP) contained two or three puta-
tive tail proteins, including the major and the minor tail proteins.
PhiS10, phiSS12, phiST1, phiD12 and phiNJ2 seemed to encode only
one putative tail protein.
3.8. Lysis module
The essential functions of the lysis module of temperate bacterio-
phages are usually performed by the products of the holin and
endolysin genes. The holins are small molecules that accumulate in
the membrane and at a speciﬁc time from pores that permeabilize
the membrane, whereas the endolysin molecules accumulate at the
cytosol until the pores are formed so they can reach the cell wall
[33]. Holins have been grouped into three classes according to the
number of potential transmembrane domains. Class I, II and III mem-
bers have the potential to form three, two and one transmembrane
domains, respectively [33]. Based on these criteria the putative holins
of (pro)phages phi5218, SMP, phiD12 and phiSsUD.1 belong to class Iholins; the putative holins of (pro)phages phiS10, phiST1 and phiNJ2
belong to class II holins and the holins of (pro)phages phi30c, phi20c,
phi7917, phiSS12 and phi891591, belong to class III (Table 2).
Phage endolysins have been linked to ﬁve enzymatic activi-
ties, including (i) N-acetylmuramidases (lysozymes); (ii) endo-β-N-
acetylglucosaminidases; (iii) lytic transglycosylases, which all cleave
the sugar moiety of peptidoglycan; (iv) endopeptidases, which cleave
the peptide moiety and (v) N-acetylmuramoyl-L-alanine amidases,
which cut the amide bond between bothmoieties [34]. Based on a struc-
tural analysis the putative lysins of (pro)phages phiS10, phi5218, SMP,
phiD12 and phiSsUD.1 seemed to belong to N-acetylmuramoyl-L-
alanineamidase family, whereas the lysins of all other phages containing
a CHAP domain belonged to endopeptidase family (Table 2). Phyloge-
netic analysis based on the phagelysin amino acid sequences revealed
similar results, clearly showing that the lysins to the endopeptidase
family cluster apart from lysins belonging to the N-acetylmuramoyl-L-
alanineamidase family (Fig. 4C).
3.9. Putative phage-encoded virulence factors and antibiotic resistance
genes
Antibiotic resistance genes were found to be associatedwith phage
elements in various streptococcal species, including S. suis phiSsUD.1
[13]. None of the other (pro)phages identiﬁed in this study contain
any homology to known antibiotic resistance genes.
It is well known that prophages of several pathogenic organisms,
among which Streptococcal species, can be associated with putative
virulence factors. Some of the (pro)phages analyzed here seemed to
contain putative virulence factors as well. The replication module
of (pro)phage phi20c, the protein encoded by ORF 32 showed 84%
amino acid similarity with the virulence-associated protein E (VapE)
of Streptococcus urinalis. VapE was originally identiﬁed as a virulence-
associated protein of Dichelobacter nodosus [35]. VapE has also found
to be associated with phage elements in Streptococcus pneumoniae
as well as with a pathogenicity island in Staphylococcus aureus [36].
So far, no function could be attributed to VapE in the virulence of
Streptococcal species or S. aureus.
ORFs 53 and 54 of phiS10 shared amino acid identity with the
toxin and the antitoxin components of the HicAB toxin–antitoxin
(TA) system, respectively [37]. Antitoxins are more labile than toxins
and are readily degraded under stress conditions, allowing the toxins
to exert their toxic effects [38]. TA cassettes have been identiﬁed in
several other phages, like Escherichia coli phages T4 [39] and N15
[40]; and S. pneumonia prophage PhiSpn_6 [36]. TA systems in phages
may function as a mechanism for the maintenance of the temperate
phage in the chromosome of the host.
343F. Tang et al. / Genomics 101 (2013) 336–344A putative Clp protease (ClpP) was encoded by phi30c and phiD12.
ClpP is important for normal growth and is involved in the stress re-
sponse and the degradation of misfolded proteins in most bacteria
[41]. Clp proteolytic enzymes are also required for full virulence
in several pathogenic organisms, including Listeria monocytogenes,
Mycobacterium tuberculosis and Helicobacter pylori [42,43]. Activities
of clpP and clpX genes encoded by the host were demonstrated to in-
ﬂuence the lysis-versus-lysogenic decision of bacteriophages under
certain growth conditions of the host cells [44]. Recent data showed
the spontaneous release of prophages in clpP negative mutants of
S. aureus [45]. Therefore, the phage encoded ClpP will probably affect
the lysis/lysogenic balance of the phage and thereby affecting the
maintenance of the phage in the host under certain growth conditions
as well as inﬂuencing the virulence of the host.
DNA methyltransferases have been identiﬁed in various phages,
like Bacillus subtilis [46], and S. pneumoniae phages [36]. PhiD12 and
phi30c contained a gene encoding a C-5 cytosine-speciﬁc DNA methyl-
transferase (C5-MTase) as well. DNAmethyltransferasesare usually are
found as part of restriction-modiﬁcation (R-M) systems and appear to
provide functions that are beneﬁcial to the host cell [47]. Detailed anal-
ysis of R-M systems showed that C5-MTase are rapidly evolving genes
and that their variation may have an effect on the ﬁtness of the host
[48].
4. Conclusive remarks
The twelve S. suis (pro)phages genomes compared in this study re-
vealed high level of sequence diversity among different serotypes and
even within serotypes as well as among different geographical loca-
tions of isolation. The prophage genomes showed a mosaic-like struc-
ture, suggesting frequent genetic exchange among S. suis strains via
(pro)phages. The various putative virulence factors found to be associ-
ated with the (pro)phages, clearly indicate the role of temperate bac-
teriophages in the virulence of S. suis.
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